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We consider the interacting system of D = 4 A'^ = 1 supergravity and the Brink-Schwarz massless 
superparticle as described by the sum of their superfield actions, and derive the complete set of 
superfield equations of motion for the coupled dynamical system. These include source terms given 
by derivatives of a vector superfield current density with support on the worldline. This current 
density is constructed from the spin 3/2 and spin 2 current density 'prepotentials'. We analyze the 
gauge symmetry of the coupled action and show that it is possible to fix the gauge in such a way 
that the equations of motion reduce to those of the supergravity-bosonic particle coupled system. 

PACS numbers: 11.30.Pb, ll.25.-w, 04.65. -Fe, ll.lOKk 



INTRODUCTION 



There has been recently a search for selfconsistent 
equations for supergravity coupled to a superbrane. They 
are needed, in particular, for the analysis of anomahes in 
M-theory [1] and in relation to the search [2] for a super- 
symmetric Brane World scenario [3] . 

In lower dimensions, I? = 3,4 (and for D = 6 us- 
ing harmonic superspace [4]), where a superfield ac- 
tion for supergravity exists, one may develop a con- 
ventional approach to the supergravity-superbrane sys- 
tems by using the sum of the superfield action of su- 
pergravity and the superbrane action. Such a su- 
perfield Lagrangian description of the low-dimensional 
supergravity-superbrane coupled system provides a pos- 
sibility to study the structure of the superfield current 
densities of the supersymmetric extended objects, which 
might produce some insight in the search for a new su- 
perfield approach to higher dimensional supergravity in 
the fine of Refs. [5]. 

In this paper we give a fully dynamical superfield de- 
scription of the simplest D = A N = \ supergravity- 
superparticlc interacting system, given by the sum of 
the superfield action for supergravity [6] and the Brink- 
Schwarz action for the massless superparticle [7] . We 
derive the complete set of superfield equations of mo- 
tion and find that the superReld generalizations of the 
Einstein and Rarita-Schwinger equations acquire source 
terms. Both sources are determined by the action of the 
Grassmann spinor covariant derivatives on the vector su- 
perfield current density distribution, which, in turn, is 
constructed from the spin 3/2 and spin 2 current 'prepo- 
tentials'. 

The D = 3,4 superfield supergravity action [6] (see 
also [8-10]) possesses off-shell supersymmetry and can 
be written, after integration of Grassmann variables, as a 



spacetime supergravity action (see, e.g., [11-15]) involv- 
ing the so-called auxiliary fields (real vector and pseu- 
doscalar for 'minimal' supergravity, see, e.g., [8-10]). In 
higher dimensions, D ~ 10, 11, neither the superfield ac- 
tion nor the set of auxiliary fields are known (see, how- 
ever, [16,17] for linearized D = 10, iV = 1 supergravity 
and [5] for recent progress in superfield description of 

= 11 supergravity). For these cases we proposed in 
[18] to use the sum of the group manifold action for su- 
pergravity [19] and the superbrane action as the basis 
for a Lagrangian description of dynamical supergravity 
and the superbrane source system. Then it was shown in 
[20] that the bosonic 'limit' of such a dynamical system, 
provided by the component formulation for supergravity 
coupled to the bosonic brane, is selfconsistent and pre- 
serves 1/2 of the local supersymmetry of 'free' supergrav- 
ity (c/. [2], where supergravity interacting with bosonic 
branes fixed at the orbifold fixed "points" is considered) . 

The approach of [18] is general and could be applied, 
in principle, to any coupled supergravity-superbrane dy- 
namical system provided that the group manifold ap- 
proach to the specific supergravity considered exists (this 
requires its search if it is not known, e.g. for _D = 10 
type IIA and type IIB supergravity). On the other hand, 
the results of [18] (see also [20,21]) were not quite what 
one would commonly expect. In particular, while the su- 
persymmetric generalization of the Einstein equation ac- 
quired the expected source term from the super-p-brane, 
the superform generalization of the Rarita-Schwinger 
equation remained sourceless [18]. One might wonder 
whether these properties would be reproduced by the 
conventional superfield approach to the dynamically in- 
teracting system. Showing that this is indeed the case is 
an additional motivation for the present study. 

In this paper we also analyze the gauge symmetry of 
the coupled action and find that it is possible to fix 
a gauge in which the superparticle coordinate function 
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is zero, 9{t) = ^, and that incorporates the Wess- 
Zumino (WZ) gauge for supergravity. We show that in 
this gauge the equations of motion for the supergravity- 
superparticle coupled system reduce to those for the 
supergravity-bosonic particle coupled system derived in 
[20] (for any dimension D) . The supcrficld action in this 
gauge should also coincide with the action considered in 
[20] after integration over the superspace Grassmann co- 
ordinates 6 (not to be confused with the fcainionic func- 
tion 9 = 9(t)) and elimination of the auxiliary fields by 
using their (purely algebraic) equations of motion. This 
explains the selfconsistcncy of the supergravity-bosonic 
particle coupled system, which was studied in [20]. 

This paper is organized as follows. The first three sec- 
tions arc devoted to the minimal off shell formulation of 
simple supergravity in £) = 4, = 1 superspace. In 
spite of the fact that much of the material in these sec- 
tions can be foimd in books [12 15] and original articles 
[9,11,27,28], we have found necessary to present it here 
in a unified notation. 

Specifically, we describe in Sect. I the superspace tor- 
sion constraints and their consequences derived with the 
use of Bianchi identities, collect them in compact dif- 
ferential form and present the expressions for the l.h.s^s 
of the superfield generalizations of the Rarita-Schwinger 
and Einstein equations in terms of the so-called main su- 
perfields and their covariant derivatives. In Sec. II we 
describe the complete form of the Wess-Zumino gauge 
(fixed through conditions on the superfield supergravity 
potentials, i.e., on the supervielbein and spin connec- 
tion) and describe the residual gauge symmetry which 
preserves this Wess-Zumino gauge. 

In Sect. Ill we present the Wess-Zumino action for 
D = A, N = 1 supergravity, and comment on the deriva- 
tion of 'free' superfield equations of motion. Sect. IV 
describes the D = A N = 1 Brink-Schwarz superpar- 
ticle action in a supergravity background {i.e. without 
assuming any action for supcrficld supergravity). 

In Sect. V we present the coupled action for D = 4, 
N ~ \ supergravity-superparticle interacting system and 
study its gauge symmetry (Sect. VA) which turns out 
to be the 'direct sum' of supergravity and superparticle 
gauge symmetries. We derive the superfield equations of 
motion for the coupled system (Sect. VB) and study the 
properties of the superfield current potential and prepo- 
tentials (Sect. VC). We also find the supcrficld general- 
izations of the Rarita-Schwinger and Einstein equations, 
both of which contain source terms. 

In Sect. VI we show that the gauge symmetries of 
the coupled system allow one to fix a gauge in which 
the superparticle fermionic coordinate functions are set 
equal to zero. We explain why the coupled action in this 



gauge reduces to the action of component supergravity 
interacting with a bosonic particle. We show that the 
dynamical equations following from the superfield action 
are reduced to the equations for the supergravity-bosonic 
particle coupled system [20] in this gauge. We comment 
briefly on the bosonic counterpart of this gauge in gen- 
eral relativity with sources and on the relation of these 
results with the (super) Higgs effect in the presence of 
superbranes, and conclude in Sec. VII. 

Some technical results and additional discussion are 
given in the Appendices. Appendix A describes the chi- 
ral projector in _D = 4, A'^ = 1 superspace. In Appendix 
B we present the complete list of manifest local (gauge) 
symmetries of the superspace formulation of supergrav- 
ity. We discuss both the active and passive form of the 
superspace general coordinate transformations, which we 
call general coordinate transformations and superdiffeo- 
morphisms, respectively (see [20,21]). Appendix C con- 
tains more details on the Wess-Zumino gauge. We de- 
termine there the complete set of residual gauge sym- 
metries which preserve this gauge. Surprisingly, by dis- 
cussing all the gauge symmetries we find that the Wess- 
Zumino gauge is invariant under the active form of the 
superspace general coordinate transformations (in addi- 
tion to the well known spacetime local supersymmetry 
and Lorentz symmetry as well as spacetime diffeomor- 
phisms). We discuss briefly the role of this additional 
superfield gauge invariance. Finally, Appendix D collects 
more details about the symmetries of the Brink-Schwarz 
superparticle action. 



I. D = 4 iV = 1 SUPERGRAVITY IN SUPERSPACE 

In this section we summarize our conventions and some 
known facts about the off-shell description of D = 4, 
N = 1 supergravity in superspace. All the formulae in 
this section coincide with those in [13] up to some signs 
and numerical coefficients in definitions. However, they 
are written here in a more compact differential form no- 
tation. 



A. Superspace constraints for minimal supergravity 

Let {Z^} = {x^,9°'} be the coordinates of curved 
D = AN=1 superspace E(4|4). Here 9" {& = 1, 2, 3, 4 ) 
are real Grassmann coordinates (in flat superspace, as 
well as in the Wess-Zumino gauge, a Majorana spinor 
9—, a= 1, 2, 3, 4). An unholonomic basis of the cotangent 
superspace is provided by the supervielbein one-forms 



'^This fact reflects the Goldstone nature of the superparticle coordinate functions [22-24] and is related to the super-Higgs 
effect [25] (see also [26]). 
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= {E'',E^) = {E'',E°',Ea) ; 
E- = dZ^Elj{Z) , 

E--dZ E^{Z) ^ \E^ = dZ^E%{Z) . ^^-^^ 

In this paper we mainly use Weyl spinors notation [a = 
1,2, d = 1,2), except for Sees. II and VI, where Majo- 
rana spinors are used [29]. 

An off-shell supergravity multiplet can be ex- 
tracted from the general supcrfields E'^{Z), Ej-j{Z) = 
{E^{Z), EMa{Z)) by imposing the constraints on some 
components Tcb"^, Rcd"^, of torsion 2-forms, 

= ^E^ AE^Tcb" , (1.2) 
T" := VE'^ = dE°' -E^ \ wp" = 

= \E^ A E'^Tgg , (1-3) 
:= VE^ = dE'^ - & A w^" = 

= ^E^AE^Tgj,, (1.4) 

and the curvature 

R"^ := dw''^ - w'"' A wj' = \E'=' A E'^Rdc"'' (1-5) 
of the spin connection one-form ■u;"^ = dZ^^wu"''' = 

Wf3" = lw^^{aaab)0" , = ' (1-6) 

The constraints of minimal supergravity [30,8,13,9] in- 
clude T^^" = -2icr^^ as well as T„0^ = = T^^^, 

V = 0' ^"f-" = 0' ^'^^ V' = ^^f-' = 

e.g., in [13]) ^. In the presence of the complete set of 
constraints, the Bianchi identities 

r VT" = -E^ A Rb" , 
VT^ = -E'' ARb^ ^ I T^T" = -E^ A , (1.7) 

[ VT" = -E^ A Rp" , 

VR"^ = I ^^"'J ° ' (1.8) 

(integrability conditions for Eqs. (1.2) {1.5)) express the 
superspace torsion and curvature through the set of 'main 
superfields' 

Ga := 2z(T„/ - tJ) , (1.9) 
R:=~\Ro.t3'^^ = {RY , (1.10) 



The constraints of minimal supergravity and their con- 
sequences can be collected in the following expressions for 
the superspace torsion 2-forms (c/. [13]) 

T« = -2i(jl^E'^ AE^ + ^E^ AE^e^bcdC^ , (1.12) 
T« = iE^AE0{cj^ad)0'^G'^- 

- ^E" A E^e'^^a^p^R + ^E" A E^ T^e" , (1.13) 
T" = ^E" A Ef^e'^^a^f^^R - 

- iE" A E^iaaa,)"^ + ^E" A E^ T^e" • (1.14) 

The superspace Riemann curvature 2-form is deter- 
mined by 

R"^ := dw''^ - w"" A wj> = 

= \R-^{a-~a^U - '^R^^ia^a").^ , (1.15) 

with 

R"/^ = dw°'l^ - A w^<^ = {R'^^aadbT^ = 
= -i£;" A E^R - ^E" A a + 
+ ^E" A K' {ac^d)^^f^V°'^G'^ - 

- A E^a^^^W"^-^ + \E'^ A E'^R^^"'^ , (1.16) 

and i?"^ = {R'^fy. 

Note that in our conventions the spinor covariant 

derivatives Va = — (I?a)* are defined by the following 
decomposition of the covariant differential P 

V := E^Va = E'^Va + E^Va = 

= E^Va + E^Va + E^Va . (1.17) 

(hence, Va = (T^a , — ^"); note the minus sign). Then, 
since e.g., T>a = Ea^dM + Wa, it is also natural 
that the spinor components of the spin connection form 
ufb = dZ'^wl^ = E^wf := E^wf + E'^Wa"'' + 
E^Wa"^ be related by Wa"'' = -{wa"^)* (hence, w^"^ = 

(w;c."^ -w'" "''))• 

The Bianchi identities (1.7), (1.8) imply as well that 
the main superfields (1.9), (1.10), (1.11) obey the equa- 
tions 

VaR = 0, VaR = 0, (1.18) 
VoW"'^^ = , VcW'^^'i = , (1.19) 

V^Goca = VcR , V^Gaa = V^R , (1.20) 

l^d/37 = . (1.21) 

For the sake of brevity, we will call 'constraints' the 
complete set of relations (1.12)-(1.14), (1.16), (1.18)- 
(1.21). 



minimal complete set of superspace constraints for the minimal supergravity multiplet [31] can be found, e.g., in [12,13,27]; 
see [9,12,32,27] and refs. therein for nonminimal supergravity multiplets, and [33] for a discussion of the algebraic origin of the 
supergravity constraints. 
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B. Off— shell nature of the constraints 

Using the Bianchi identities (1.7), (1-8), one also finds 
that the fcrniionic torsion components Tab^ Tab"' entering 
Eqs. (1.13), (1.14) (which may be regarded as superfield 
generalizations of the gravitino field strengths, see below 
(2.6)) are also expressed through the main superfields 
(1.9), (1.10), (1.11) 

- W^Wap^ - 2e^^„V0^R] , (1.22) 

'T' = _a _6 c T ^ ^ c C 

-'ad/3/3 7 — "aa" I30^'y5-^ab — &^a0^{oc^P)i 

-ho.0[W^^^ + 2e^ia-D^)R]. (1.23) 

Eqs. (1.22), (1.23) imply, in particular, 

(a"a'')^^Tab7 = IVpR , 

{d'^a")^ pTab^ = fP^i? . (1.24) 

Moreover, the l.h.s of the Rarita-Schwinger equation 
can be identified with the leading component (i.e., the 
~ Q value) of the superfield expression e'^'"^'^Tbc°'(ydaa 
(see (3.16) and e.g., [13]). Using the Pauli matrix alge- 
bra {a'^a'' = ri°-^I+ |e«^^''(TcCf-d, a^'^a^'^ab = 3(7") one finds 
fromEq. (1.22) 

= ia«/^/'P(^|G^I^) + f<7^.2?/'i?. (1.25) 

The fields X"^i?|e=o and f) ^^^G j3\oi)\e=o are not re- 
stricted by the constraints (1.12)-(1.16), (1.18)-(1.21). 
They are arbitrary fcrmionic functions, which rather can 
be identified with the corresponding irreducible parts of 
the leading component ^'J^|e=o of the Rarita-Schwinger 
superfield '5°. Hence, ^'J^|e=o remains arbitrary. 

Similarly, the bosonic Riemann curvature tensor su- 
perfield is determined by 

o'.^al^Red''^ = -2e^^r.^«/5 - 2e.^r^,«/3 (1,26) 

r-ys"^ = -TE^h^sf" - ^5<l^5lpVR - 2RR) . (1.28) 

In particular, (1.28) indicates that the superfield gener- 
alization of the (spin-tensor components of the) Weyl 
tensor, Cap^/S = Ci^ap-^S)! are defined through the nonva- 
nishing spinor derivative of Wa/Sj 



In this sense one says that Wap-y and its complex con- 
jugate W^p^ provide a superfield generalization of the 
Weyl tensor. 

The superfield generalization of the Ricci tensor is 

given by 

iibc"' = g^(P''p("lG"l'^) - ^P^^^^'^G'")")^^^;,^^ - 

- ^{VVR + VVR - 4RR)5^ , (1.30) 

and, henceforth, the scalar curvature superfield is 

R^b''^ = -^{-D'DR + m)R-4RR) . (1.31) 

Hence, once again, one can identify the (arbitrary) 
leading components of the corresponding second deriva- 
tives of main superfields Ga and R (entering the r.h.s. 
of Eq. (1.30)) with the irreducible components of 
the Ricci tensor Rbc"'^\g^o (or Einstein tensor {Rbc'^" — 
^Sb'^Rdc'^'')\e=o) which, thus, remains arbitrary after im- 
posing the constraints (1.12)-(1.16). 

This exhibits the well known fact that the constraints 
(1.12)-(1.16) describe the off-shell supergravity multi- 
plet. 

II. WESS-ZUMINO (WZ) GAUGE 

To move from the superfield formulation of supergrav- 
ity to the component formulation {i. e. in terms of space- 
time fields) [11,13], one fixes the so-called Wess-Zumino 
(WZ) gauge, where, in particular, ^ 

Es,^\e=o = 0, Eiii.\e=o = , wf\e=o = 0, (2.1) 

while 

E;\e=o = e^{x) , E^^\e=o = , (2.2) 

<k=o=<(^) (2.3) 

remain unrestricted and are identified with the vielbein, 
gravitino and (composed) spin connection fields of the 
component formulation of supergravity [11,13]. 

One can collect the expressions for the supervielbein 
superfield in (2.1), (2.2) in the matrix relation 

En \e=o =y Q ) ' ^ ' 

Their evident consequences are 



^We mainly use in Sec. II Majorana spinor notations E— = (E^jEa) [29]; this also makes all the formulae of this section, 
except Eq. (2.6), applicable to any dimension D. 
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where i/^f (x) = e'^'ijj^{x)Sa^ . 

Note that already these simple formulae allow one to 
derive, e.g., the following useful formula 

Tane=o =2eX2'[MC](2^)- 

- |(V'[afT6])^G"'^|e=o - i(qa^h])"i?|e=o , (2.6) 

where X»[^V-'"] (-t) = 9[^V-'"](a;) - '(/'{^.(■'J^) uV]/3"le=o is the 
gravitino fields strength (though with the nonstandard 
spin connection which, in general, due to (1.12), involves 
the term proportional to Ga |e=o into the spacetime tor- 
sion). Thus one can call Tah" the superfield generaliza- 
tion of the gravitino field strength. 

One more simple but useful equation which is valid due 
to Eqs. (2.1), (2.2) is 

E\g^g^o = sdet{E^{x, 0, 0)) = det(ep = e(x) . (2.7) 



A. Complete description of the Wess— Zumino gauge 

As it was early recognized [28,34,35], the WZ gauge 
is the fermionic counterpart of the normal coordinate 
system in General Relativity (see refs. in [10,36] and 
[10,36,28] for the so-called normal gauge in suporgravity, 
which is the complete superspace generalization of the 
normal coordinate frame). This observation suggested to 
collect [28] the complete set of the conditions of the WZ 
gauge in ^ 

e^ES = , r (i;| - 5|) = o, (2.8) 
e^wf = . 

Using the inner product notation (see Eqs. (B.IO), 
(B.ll)), the WZ gauge may be equivalently defined by 

ieE" = , (2.9) 
i0E^ = eh^ = e^ , (2.10) 
iew"^ = , (2.11) 

where 6— is a Grassmann coordinate with a tangent space 
spinor index, 

ei = e^5&^. (2.12) 

One of the characteristic properties of the WZ gauge 
(2.8) is that the Grassmann coordinate (2.12) coincides 
with the contraction of the fermionic supervielbein form, 
(2.10). The next observation is that in the gauge (2.8) 



e^Vii = e^v^ = e"d& = ed . (2.13) 

With this in mind one can find that the decomposition of 
the supervielbein and spin connection superfields can be 
expressed in terms of the physical graviton and gravitino 
fields (Eq. (2.2)), the leading components of the torsion 
and curvature superfields and their covariant derivatives. 
A convenient way of reproducing these decompositions is 
by using the following recurrent relations (c/. [28]) 

{l + ed)E'' = ieT'' + dxi^E^ (2.14) 
{l + ed)E^ = Ve^ + ieTsi- + dx^Ef , (2.15) 
{l+ed)w''^ = i0R''^ + dxi^wf , (2.16) 

together with Eq. (2.13). Eqs. (2.14), (2.15), (2.16) are 
obtained by taking the external derivative of the defining 
relations of the WZ gauge, Eqs. (2.8). There 

V0^ = de^ - 92.wj_^ , (2.17) 
igT^ = E^etTfic^ , igR'-^' = E'^em^D"'' ■ (2.18) 

Eqs. (2.14), (2.15), (2.16) do not restrict the physical 
fields (2.2), as the terms containing dx*^ in l.h.s's are 
canceled by the last terms in the r.h.s's. Thus the lead- 
ing {9 = 0) components of Eqs. (2.14), (2.15), (2.16) 
reproduce Eqs. (2.1). 

A discussion of the decomposition of the superfields, 
i.e. of the solutions to Eqs. (2.14), (2.15) and (2.16), 
can be found in Appendix CI. 

B. Symmetries preserving the Wess— Zumino gauge 

In the consideration of the coupled system it is impor- 
tant to know the subset of superspace local symmetries 
preserving the gauge (2.8). The subset of superspace 
diffeomorphisms (parameter b^{Z)) and local Lorentz 
{L'^^{Z)) transformations preserving this gauge is singled 
out by the equations (see Appendix C2 for details and 
further discussion) 

0d{b^) = {hB)e^Tj_B^ + 

+ e~±{L.l± - b^'wMj_^)di^ , (2.19) 

ed{L''\z) - b^wM"'') = -b^em^D"'' , (2.20) 

where 

r Afy\_f^b°' \ Tab _ rba 

{Z}-\^ Q j^^aj,L--L, 

L0^ = \L->>^abl^ , (2.21) 



''Note that there exists another {'prcpotcntiar) form of the Wcss-Zumino gauge which is fixed through a condition for the 
Ogievetsky-Sokatchev auxihary vector prepotential, giving = 9a'^6e'^{x) -\- OOO^ip^ix) + c.c. + 0066A'^{x) [8], and for the 
chiral compensator, $ = e^/*(l - ^Oa'^iia + . . .) (see, e.g., [9,28]). 
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and the parameter b can be conventionally decomposed 
into a fermionic spinor and a bosonic vector part 

:= b^{Z)E^{Z) = {b-{Z), sHZ)) , (2.22) 

It is instructive to write Eqs. (2.19), (2.20) in the weak 
field approximation. At zero-order one finds the set of 
equations 

0d{b'^) = -2ie^"f'^^01. , (2.23) 
ed{e^) = e^Lf^^ , (2.24) 
edL"\Z) = , (2.25) 

which can be easily solved, 

6«(Z) = 6f;(,x) + 2i9-i''eo{x) + {9{jb^r)0l'"'{x) , (2.26) 

eHZ) - efix) - ellff^x) , (2.27) 

L^^Z) = l^^x) , (2.28) 

where &g (x) , e^{x) are arbitrary vector and spinor func- 
tions and /"^(x) are local Lorentz parameters. 

In the general case the WZ gauge is also preserved, 
in particular (see Appendix C2) by spacetime diffeo- 
morphisms (with parameters b'^{Z)\g^o), as well as by 
Lorentz {l°-''{x)) and local supersymmetry {e—{x) = 
e—{Z)\0^o) transformations. 



III. SUPERFIELD ACTION FOR 'FREE' D = 4 
N = 1 SUPERGRAVITY 

A. Superfield action and VEiriational problem with 
constraints 

The D = 4 A'^ = 1 supergravity action can be written 
[6] as an integral over superspace E^^l^) of the Berezenian 
(superdeterminant) E := sdet{E^) of the supervielbein 

SsG = j d'^xd'^e sdet{E^) = j d^Z E , (3.1) 

where E^{Z) are assumed to be subject to the con- 
straints (1.12), (1.13), (1.14), (1.16). This action is evi- 
dently invariant under the superdiffeomorphisms and lo- 
cal Lorentz symmetries (further discussion of its gauge 
symmetries can be found in Appendix Bl). 



One of the ways to obtain the superfield equations of 
motion from this action is to solve the constraints in 
terms of unconstrained superfields (prepotentials): ax- 
ial vector superfield 'H^{x,0) [8] and chiral compensator 
$ [9] (in this way the local symmetries of the complete 
superfield formulation are partially gauge fixed). 

Alternatively, following [6], one can keep E^{Z) as 
the basic variable, but take the constraints into account 
when searching for the independent variations. Namely, 
one denotes the general variation of the supervielbein and 
spin connections by [6] 

6E^{Z)=E^ICi{5), 6wt{Z)=Egu'S{5), (3.2) 

and obtains the equations to be satisfied by ICq{6), u'q{5) 
from the requirement that the constraints (1.12), (1.13) 
are preserved under (3.2). Then one solves these equa- 
tions in terms of some set of independent variations. 

Straightforward but quite involved calculations (the re- 
sults of which were partially given in [6]) show that the 
constraints of minimal supergravity (1.12)-(1.16) are pre- 
served by a set of superfield variations (superspace coor- 
dinates are not affected) which include: 

i) the local Lorentz transformations SlIL"'^), Eq. (B.l); 

ii) the variational version of the superspace general coor- 
dinate transformations [6] {dgc{t^), Eqs. (B.15), (B.16), 
(B.17) in Appendix B); 

in) the set of transformations with parameters SH"' = 
\a'^^5H°'°' , 6U, 6U, under which the supervielbein trans- 
forms as ^ 

SE'' = E^{A{5) + A{S)) - {Eba^^[D^,-Dc,]SH^ + 

+ iE^Vo.SH'' - iE^V^SH" , (3.3) 
SE" = E"E^{S) + E^'AiS) + lE^Raaa^SH" . (3.4) 

In Eqs. (3.3), (3.4), A(^), A{S) are given by 

+ 2{VV - R)5U - {VV - R)5U (3.5) 
A(<5) + A(,5) = ^at"[V,,,Vo]6H'' + ^GaSH'^ + 

+ {VV - R)6U + {VV - R)5U ; (3.6) 

the explicit expression for 5^(5) in (3.4) will not be 
needed below. It reads 

= ^.aafjyu'r -P{6) - \drV^A{5) - 

- ^ai^G"W^6Hp^ , (3.7) 



^This procedure can be regarded as a linearized counterpart of solving the superspace constraints in terms of the prepotentials 
[9] (the price to achieve linearity, however, is that we have to deal with the covariant derivatives "Da rather than with the 
holonomic ones, Om)- So, the counterpart SH" of the variation of the Ogievetsky-Sokatchev auxiliary vector superfield [8] H'^, 
as well as the counterparts of the variation of the complex chiral compensators "I" [9], {W — R)5U, arc involved in the solution 
of these equations. [The (anti)chiral superfield l> satisfies T>a^ = and can be expressed through the independent superfield 
W by * = {VV - R)U. Then the variation of * is = {VV - R)6U\. 
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where 

uf{5) = -\VVV'^'^5H'^y + ^RD^'^SHl^^ - 

- 6H0'^^ + IW'^^-'SH^j . (3.8) 

Eq. (3.8), together with 

+ 2S^"V^^A{S) , (3.9) 

+ j^V^<-GP)PV^5H^^ + {^W^'V^SH^^ , (3.10) 

define the variation of the spin connection through the 
second equation in (3.2). 

B. Superfleld action and 'free' equations of motion 

The nontrivial dynamical equations of motion should 
follow from the variations (3.3), (3.4) with (3.5), (3.6) 
only. The variation of the superdeterminant E = 
sdet{E^) under (3.3), (3.4), has the form (see [6]) 

5E = E[-^a^-[D^,V^]SH- + iG„ <5F° + 

+ 2(PP - R)SU + 2{VV - R)5U] . (3.11) 

In the light of the identity (6.35), all the terms with 
derivatives can be omitted in (3.11) when one considers 
the variation of the action (3.1). Hence, 

5SsG = J d^Z SE = 
= J d^ZE [^Ga SH" -2R5U- 2R 5U] (3.12) 

and one arrives at the following superSeld equations of 
motion for 'free', simple D = A N = 1 supergravity. 



5U 

SSsG 

6U 



= 



G„ = 0, 
R = 0, 
R = 0. 



(3.13) 
(3.14) 
(3.15) 



Then the 'free' superfield Rarita-Schwinger equations, 
^abcdrp^^-y^^^^. ^ , e''>>^'inc''ad-y-y = , (3.16) 

follow from the constraints (1-22), (1.23) with Ga = = 
R, 
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^ Tab^ = M^-^b)a0W"^'' . (3.17) 

The superfield generalization of the free Einstein equa- 
tion Rac''" = l^lRcd"^ = follows from setting Ga = 
(Eq. (3.13)) and = (Eq. (3.16)) in Eq. (1.30). 



IV. BRINK-SCHWARZ SUPERPARTICLE IN A 
SUPERGRAVITY BACKGROUND 

The superparticle dynamical variables are the super- 
coordinate functions {j) defined by the map 

^■.W^^ S(4|^) , r ^ Z^{t) = {xi'iT), r (r) ) . (4.1) 

defining a worldline in S'^l^^ parametrized by the 
proper time r, 



W^CS^^I^), Z^ = Z^{t). 



(4.2) 



The actual superparticle worldline is determined by the 
equations of motion. For the massless superparticle these 
equations follow from the Brink-Schwarz action 



(4.3) 



which involves the pull back _E" = E°-{t) = dTE^{T) to 
of the bosonic supervielbein form i?" (Eq. (1.1)) on 



E" = dZ'''\T)Ej^iZ) = drE^ 
E-,=drZ^E^;{Z) 



(4.4) 



and the Lagrange multiplier (worldline einbein) 1{t). 
Note that the pull-backs of the fermionic supervielbein 
forms 

£;« = dZ^{T)EjS{Z) = drE^ , 

= dZ'^{T)Ej^{Z) = dTB$ , (4.5) 
E^ = drZ^E^iZ) , E$ = drZ^E^iZ) 

are not involved in the superparticle action (4.3) explic- 
itly. This is a general property of the Z?-dimensional 
super-p-brane actions that reflects an especial role for 
the bosonic 'directions' in superspace. 

A. Equations of motion 

The equations of motion for a superparticle moving in 
a supergravity background follow from the variation of 
the action (4.3) with respect to the Lagrange multiplier, 
SI{t) and the supercoordinate functions, SZ. The corre- 
sponding variation of the pull-back (4.4) of the bosonic 
supervielbein form (1.1) is 



S^E" = S^E^iZ) E^iZ + SZ) - E''{Z) 
= z,^f- + Viz,^E-) + E%^w,- , 



'■SZ 



E-{Z) := SZ^E^iZ) , 
6Z^ <(Z) 



„o5 



(4.6) 
(4.7) 
(4.8) 
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(note in passing that these transformations coincide with 
the pull-back of superspace general coordinate trans- 
formations 6gc, Eqs. (B.7), (B.8), to W^, S^E" = 

The last term in (4.6) does not contribute to the action 
variation ^ 

SSsp = Jw, [\6l{T)KaE'' + 1{t) Erah^'' ] , (4-9) 



because EraErbiiz'^ = due to i^^w 



ba 



When the background obeys the constraints (1.12) the 
superparticle equations of motion become 

^"<d^ar = > ^ar<a^" = , (4.10) 

V{IE^,) = Q, (4.11) 

E^E^r = . (4.12) 
Indeed, Eq. (1.12) implies 



-2ia-^E-i,^E- 



^Eh\,dG'{Z) i^^E<i . 



(4.13) 



The last term docs not contribute to the contraction 
Eraigz'^'^- Hence, after integration by parts, the expres- 
sion (4.9) with (4.6) becomes 

SSsp = Jwi [^Sl EraE- - V{1 Era) ^2^" ' 

- 2ilEra{Kj^HzE''+<aE%zE-)] , (4.14) 

which implies the equations of motion (4.12) (^^ = 0), 
(4.11) {^E^{Z) = 0) and (4.10) {^E^{Z) = 



and its complex conjugate). 

Let us stress that we derived the superparticle equa- 
tions of motion (4.11), (4.10) from an arbitrary variation 
of the supercoordinate functions 5Z , which is tantamount 
to saying that they were obtained irom the general co- 
ordinate transformations 5gc, (B.7), (B.8), pulled-back 
to . This reflects a spontaneous (partial) breaking of 
the superspace general coordinate symmetry Sg^ of the 
background by the supcrpartic;lc worldlinc. The part of 
the general coordinate symmetry dgc of the supergravity 
background which is preserved by the worldline, can be 
identified with the gauge fermionic n symmetry [37] and 
reparametrization symmetry (more rigorously, the vari- 
ational version of the worldline general coordinate sym- 
metry) [21]. 



B. Local fermionic k symmetry and 
reparametrization invariance of superparticle action 



It is not hard to see that the superparticle action (4.3) 
is invariant under the gauge fermionic k symmetry [37] 
that acts on the coordinate functions and the Lagrange 
multiplier / by 

Sj"" = KaT{R^{T)Et\Z) + n^{T)E^{Z)) , (4.15) 
5J{t) = Ail {E^ K„(r) + E$ k^{t)) , (4.16) 

To this end, it is convenient to write (4.15) in the form 

i^E'' = Sj^'E^jiZ) = , (4.17) 

i^E^ = sJ^'E^jiz) = R^{T)arK , 

= Sj^E^iZ) = E'^d^n^iT) , (4.18) 

substitute these iK.E^ and 5k,1{t) (Eq. (4.16)) for i^^^^ 
and SI{t) in (4.14), and observe that, due to the identity 



EarEbr {(^°'d-^)a^ = E^EarSa^ 



(4.19) 



the contribution lEarS^E" = ~2ilEarE^ E^k^ + c.c. 
can be compensated by the variation of the Lagrange 
multiplier (4.16). 

In the same manner, one finds that the following trans- 
formations of the supercoordinate functions 



Sj"" = r{T)E:E^{Z) , 
or, equivalently, 

irE" = 5rZ^E^{Z) = r{T)E^ , 
irE" = , irE'^ = , 

can be compensated by ^ 

5rl{T) = Idrr — rdrl ■ 



(4.20) 



(4.21) 



(4.22) 



This proves the so-called reparametrization symmetry of 
the superparticle action (see also Appendix D). 



This reflects the invariance of the action under a Lorentz rotation of the supervielbein, which can be considered as a pull- 
back of the local Lorentz transformation of the supergravity background. Such transformations cannot be treated as gauge 
symmetries of the superparticle in a supergravity bacJcground. However, they are gauge symmetries of the interacting system 
of dynamical supergravity and the superparticle. 

''On the worldvolumc, acting on the puU back of the supcrforms, T) = cI.Z'^^Vm = drVr, where I?t ~ dr + connection terrn{s). 
Integrating by parts one arrives at the terms involving drl in the worldvolume action variations. Note that T>rl = drl, because 
the einbein 1{t) does not have Lorentz group indices. 
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V. COMPLETE LAGRANGIAN DESCRIPTION 
OF THE SUPERGRAVITY-SUPERPARTICLE 
INTERACTING SYSTEM 



A fully dynamical description of _D = 4 A'^ = 1 super- 
gravity and the massless superparticle source interacting 
system can be achieved by means of the action 



S = SsG + Ss 



dPzE+^- I l{T)E-'E'^r)ab, (5.1) 



where E = sdet{E^) and the supervielbein in superspace 
is assumed to be restricted by the constraints (1-12), 
(1.13), (1.14). 



A. Gauge symmetries of the coupled system 



^ As the superparticle coordinate functions = 
Z^{t) do not enter in the supergravity part of the ac- 
tion, Eqs. (4.10), (4.11), (4.12) remain the same as in 
the interacting system (5.1), 



" aa IT — " ' 
P(/Kr) = 0, 



(5.2) 

(5.3) 
(5.4) 
(5.5) 



Moreover, K-symmetry (Eqs. (4.17), (4.18), (4.16)) and 
reparametrization symmetry (Eqs. (4.21), (4.22)) are 
preserved by the interaction. 

The coupled action is evidently invariant under su- 
perdiffeomorphisms ^di//. 



z,M ^ + ^M^^z) : ^ z :a : lo^r 2 ' (5.6) 



E'^{Z') = E^{Z), w'^'^Z') = w^^iZ) , (5.7) 

now supplemented by the corresponding transformations 
for the superparticle variables Z'^ = Z'^{t) 



Z -Z +b {Z) . (5-8) 



so that 



SdiifZ^ = Z'^ ^Z^ = b^ (Z) 
S,,ffZ^^ = b^^{Z) 



(5.9) 
(5.10) 



and S^iffS = (sec Appendix B2, where further discus- 
sion on the gauge symmetries of the coupled system can 
be found). 



B. Equations of motion of the coupled system 

As mentioned above, the superparticle equations 

SS/SZ^ = 0, SS/Sl = for the coupled dynamical sys- 
tem remain the same as those for the system in a super- 
gravity background, SSgp/SZ'^ = 0, SSsp/Sl = (Eqs. 
(5.2), (5.3), (5.4) and (5.5)). Let us now see how the 
supergravity equations of motion are modified by the in- 
clusion of the superparticle source. 

Denoting the variation of the action induced by the 
constraints preserving variations (3.3)-(3.6) by S' , one 
concludes that 



S'S = J d^ZE [^Ga 5H"- -2R5U- 2R 5U] + 



where 



= l{T)EardZ^S'EUZ) 



(5.11) 



(5.12) 



and S'E" is the pull-back of (3.3) to W'^. To have a well 

posed variational problem, we extend the integration in 
(5.12) to superspace by introducing the superspace delta- 
function 

d^Z - Z) := d^{x - x){0 - e)^ (5.13) 

where 

{9 - 0)^ := ie&,...&, {0 - 0f^ ...{0- 0f- . (5.14) 

Namely, we insert 1 = / d^ZS^{Z - Z) into (5.12) and 
use the identity 6' Elj{Z)5^{Z - Z) = 5' Elj{Z)6^{Z - Z) 
to arrive at 

5'S,p = J d^Z [/^, l{T)E,rdZ^5^{Z - Z)] 5'EIj{Z) . 

(5.15) 

Now Eq. (3.3) can be straightforwardly inserted into 
(5.15) and, using 

dZ^5^{Z - Z)E^{Z) = E^S^{Z -Z) = 

= E{Z)lE^5^{Z - Z) , (5.16) 
E{Z) = sdet{E^{Z)) , E = E{Z) , 
one finds 

= Jd^ZE[J^, mE,,E-5^{Z - Z)]iD^5H- + 
+ J d^ZE[J^, '-^EarE"6^{Z - Z)]{-i)t)^5H- - 
-Jd^ZE[J^, l^E^^EH\Z-Z)]x 



+ J d'zE[u '-^EarE^s^z - z)] {m + m) . 



(5.17) 
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The extraction of the superdctcrminant in (5.17) per- 
mits integrating by parts using the identity (B.35) in 
Appendix B. Tlius Eqs. (5.11), (5.17) allows us a direct 
derivation of the coupled equations of motion. 

Note that the scalar variations 5U, 5U are involved only 
in the last term of (5.11), through (A((5) + A(5)) defined 
by (3.6). 

Let us now compute the 5U variation of the coupled 

action, SjjS = SuSsg + ^uSsp- The variation of the su- 
pergravity part reads SuSsg = J d^Z E R 6U (see 
Eq. (3.12)), while, due to {A{du)+HSu)) = {VV-R)5U 
(see 3.6), 

5uSsp = 

= Jd^ZE[J^, lEarE"d^{Z - Z)]{VV - R)5U 
= J d»ZE[J^, lE^,E-{VV - R)5\Z - Z)]5U . (5.18) 

Thus, at a first look, Eq. (3.15) acquires a source term 



Jo = ^KrE-i-DV - R)5\Z - Z) . 



(5.19) 



However, one immediately observes that this source van- 
ishes due the superparticle equation of motion (5.5) 



SI(t) 



= 



E'^Ear = 



Jo = 



(5.20) 



Hence, the scalar superEeld equations for the coupled dy- 
namical system are the same as in the 'free' supergravity 
case, 



(5.21) 
(5.22) 



Moreover, the above observation implies that the last 
term in the superparticle action variation does not con- 
tribute to the equations of motion, 

/ d'ZE[J^, li^E,^E'^5\Z - Z)\ {A{S) + A{S)) = , 

(5.23) 

due to Eq. (5.5), E'^Ear = 0. Hence, after an integra- 
tion by parts using the identity (B.35), and taking into 
account Eq. (5.5), the variation (5.17) of the superparti- 
cle action reads 

6'S,p = J d^ZEiiV^lC^ - iV^Kt 

-\a^"[V^,t>^])Cj'}5H- , (5.24) 



where the 'spin 3/2' and 'spin 2' 'current prepotentials' 

lC'^,jC'^ = {Kf^Y and lCa\ arc defined by 



^a{Z) -.^J^^'-fEarE-S^Z-Z), 

^t{Z) ■.^!^,'MEarE'^6HZ-Z), 
ICa\Z) :=/^, '-i^EarE'S^iZ - Z) 



(5.25) 
(5.26) 
(5.27) 



Eqs. (5.24) and (5.11) imply the appearance of a cur- 
rent potential superfield j7o (which is a vector density 
distribution with support on the worldhne), in the vec- 
tor superfield equation of the coupled system (c/. (3.13)), 



5S 







Ga — Ja ■ 



(5.28) 



This vector current potential is constructed from the 

vector-spinor and tensor densities Eq. (5.25), (5.26), 
(5.27) (hence the 'current prepotential' name for ICj^) 
as follows 

g Ja = -i-DalC2 + i-DaiCt + \dr[Dc,,V^\Kj> . (5.29) 

The preservation of the scalar superfield equation R = 
in the interacting dynamical system (5.1), Eq. (5.21), 
immediately implies the vanishing of the spin 1/2 part 
of the superfield generalization of the gravitino field 
strength, 

(a«a'')/3TT„6^ = , (^V^)^^T„6^ = (5.30) 

(see Eq. (1.24). However, the above equation is only 
a part of the content of the superfield generalization of 
the free Rarita-Schwinger equation^. The complete su- 
perfield generalization of the Rarita-Schwinger equation 
for the coupling system can be obtained from Eq. (1.22) 
with R = 0,Ga = Ja and possesses the source term 



^ahcdrp a 



rp a. 

^ he ^ daa 



(5.31) 



Using (1.31) and Eq. (5.21), i? = 0, one finds that the 
superfield generalization of the scalar curvature vanishes 
in the supergravity-superparticle interacting system, 



Rab"' = . 



(5.32) 



However, in accordance with Eq. (1.30), the Ricci tensor 
is expressed not only through R, R, but also through the 
Ga superfield. Hence in the interacting system the su- 
perheld Einstein equation acquires a source term which 
is expressed through a second derivative of the current 
potential superfield J°'^ = J^a^^: 



b/3/3 



(5.33) 



Indeed, the linear approximation equation e" 
counterpart of (5.30)) and d^ip^ = 0. 



^dbipc'^daa = is equivalent to the equations (cr'^cr^){i3-y)db'>l}2 = (which is a 
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C. Properties of current potential Ja and /Ca^ 
prepotentials 

Thus the vector superfield supergravity equation ac- 
quires the source (5.29) ('current potential') from the 
Brink-Schwarz superparticle action Sgp-, Eq. (5.28), 
while the scalar superfield equations (5.21), (5.22) re- 
main sourceless as in free supergravity. Then the identi- 
ties (1.20) immediately result in 

2^" Jad = , V^Jo^c. = , (5.34) 

which imply the supercurrent conservation 

= . (5.35) 

In accordance with Eq. (5.29), the superparticle cur- 
rent is constructed from the current prepotentials (5.25), 
(5.26), (5.27). Moreover, Eq. (5.29) can be presented in 
the form 

Ija = -i2?a(/C« + {at^V^ICa^) + 

+ iVi^ilCi + larD^/Ca*") . (5.36) 

It is interesting that the spinor-vector and tensor cur- 
rent prepotential carry only the irreducible spin 3/2 and 
spin 2 representation of the Lorentz group, respectively. 
Indeed, extracting the worldline measure dr in (5.27), 
/C«^(Z) = /^i dT^-^E^Eb§»{Z-Z), one easily sees that 
the tensor 1C"'^{Z) is symmetric, and tracclcss due to Eq. 
(5.5). In this sense one can say that the current potential 
contains only a spin 2 irreducible part, 

/C"''(Z) = K.^'^iZ) , ]Ci\Z) ^ . (5.37) 

The spinor-vector current prepotentials carry spin 3/2, 
because, due to Eq. (4.10), their spin 1/2 irreducible 
parts vanish, 

x;«(z)<. =x:„A« = o, (5.38) 

cTlMZ) = K,ac/'{Z) = Q. (5.39) 

Finally, using Eq. (4.11), together with the identities 

EA^{Z)dM5{Z - Z) = EA^{Z)dM5{Z - Z) - 
^-1)M+amq^Ea^{Z)5{Z - Z) , dM5{Z - Z) = 
-d/dZ^S{Z-Z) and {-l)^+^^VMiEEA^) = 
E{-1)^Tab^ = (the last part of the last identity is 
valid due to the supergravity constraints), one finds the 
relation 

i- fVelC^ = VblCa' - VfilCli - V^Zi = , (5.40) 

which completes the list of the properties of the super- 
particle current prepotentials (5.25), (5.26), (5.27). 

Contracting the vector indices of the current prepoten- 
tials with the a matrices, one can write the irreducibility 
conditions (5.37), (5.38), (5.39) in the form 



£d/3/3 = ^ £(d/3)/3 _ (5 43) 

Then, relation (5.40) reads 

ip^^/C"^ - ViiK,"''^" - V^iC'^^" = , (5.44) 
or, equivalently, 

(5.45) 

Eqs. (5.44), (5.45) allow us to write the expression 
(5.36) for supercurrent in two other equivalent forms 

\ n-aa — I ^ iada 

= 2if)o,{K,'^^^">l^ + ("^)) . (5.47) 

Now one can easily derive Eq. (5.34) using (5.46) and 
(5.47). To this aim one uses the algebra of spinor deriva- 
tives of the same chirality, Eq. (A. 4), 

R = R = Q ^ {D„,Vd}=Q. (5.48) 

Then the current potential conservation, Eq. (5.35), fol- 
lows from Eqs. (5.34) and Eq. (A. 5). 

The properties (5.34) imply VaJpp = T^(fi\Ji3\a) and, 
hence, allow us to write the r.h.s of the superfield Rarita- 
Schwinger equation as the fermionic covariant derivative 
of the current potential 

n = e"''''T6e"c7d„^ = '-Vc^J'^ . (5.49) 

The superfield Einstein equation (5.33) can be written as 
Rbc''' = ^^t^[Di3,f>^]J- (5.50) 

Eqs. (5.49), (5.50) exhibit an interdependence of the 
Einstein and Rarita-Schwinger superfield equations, 

Rbc"'' = (1?;3*^ +:D^*^) . (5.51) 
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VI. GAUGE FIXING AND EQUATIONS OF 
MOTION FOR THE INTERACTING SYSTEM 

A. Gauge fixing 

As all the gauge symmetries of the 'free' superfield su- 
pergravity are still present in the interacting system, one 
can fix first the WZ gauge (2.8). This would be the first 
step towards the component description of the interact- 
ing system in terms of the usual graviton and gravitino 
spacetime fields. 

As was shown in Sec. IIB and in Appendix C2, the WZ 
gauge is preserved by some specific supcrdifFcomorphisms 
and superspace local Lorentz transformations with free 
parameters 60 (^) = (^o(^)> ^o"(^)) = b^{Z)\e^o and 
= L''''{Z)\g=o- In accordance with Eqs. (5.10) and 
(4.15), the transformation of the fermionic coordinate 
function ^"(r) under superdiffeomorphisms and world- 
line K-transformations acquires the form 

69"{T) = b^{Z) + 5j^{T) , (6.1) 

where 5k,9°'{t) is defined by the Eq. (4.15) with M = a. 
This transformation rule reflects the Goldstone nature 
of the superparticle (or superbrane) coordinate function 
[22] (see also [23,24] and refs. therein). 

In the WZ gauge (2.8), Eq. (6.1) can be written in the 
form (see Eqs. (2.12), (2.22)) 

6e^{T) = se"{T)6&^ = £^{z) + sJ^{t) . (6.2) 

Decomposing the r.h.s of Eq. (6.2) in power series in 
6{t) one writes 

Se^T) = eHZ)\g^, + 5jHr)\^^, + 0{9) = 

= 4(f) +5>(r) 1,-^0 + 0(^), (6.3) 

where the arbitrary fermionic field parameter e^{x) is de- 
fined as in Eqs. (2.22), (2.27) and corresponds to one of 
the symmetries that preserve the WZ gauge. 

Thus we can fix the gauge (simultaneously with the 
WZ gauge) 

e^T) = (6.4) 

(c/. the description of super-Higgs effect in [25]) by using 
the freedom in the fermionic parameters £^(f ) (but not 



the pull-back e^{x, 0) of the complete superfield £^{Z)). 
The gauge (6.4) is preserved by transformations such that 

4{x) = -5Mt%^^ = , (6.5) 

where we have written the form of the K-symmetry trans- 
formations (4.15) explicitly, in Majorana spinor notation, 
by using the WZ gauge relations. 

B. On the Goldstone nature of the (super)brane 
coordinate functions 

Since the possibility of fixing the gauge (6.4) might 
look unexpected, we now discuss its physical meaning. 

First, let us note that similar considerations show that 
the bosonic counterpart of the gauge (6.4) can also be 
fixed on the bosonic coordinate functions. It reads ^ 

x^(t) = (t, 0,0,0) (6.6) 

(or x^{t) = (r, 0, 0, ±r) if one identifies x^ with the time- 
like dimension in the flat (supcr)spacc limit). In general, 
for a D dimensional p branc interacting with dynamical 
gravity one can fix locally the following counterpart of 
the gauge (6.6) (static gauge) 

x^(r,a) = (r,ai,...,aP,G,...,0), (6.7) 

where the first {p + \) of the D coordinate functions 
are identified with the local worldvolume coordinates 
^™ = {t,(t^ , . . . ,(T^), and the remaining coordinate func- 
tions are set to zero (see [20]). 

Clearly, the gauge (6.6) or (6.7) can be fixed also in 
a dynamical system of pure bosonic gravity interacting 
with a bosonic particle or brane. As such, this phenom- 
ena should be known in general relativity, and this is in- 
deed the case. The pure gauge nature of the coordinate 
functions describing the motion of a dynamical source 
(particle) was already known in general relativity, see e.g. 
[38,39]. The presence of the gauge symmetry aUowing to 
fix locally the gauge (6.7) for branes or (6.6) for a parti- 
cle is rcficcted in the language of second Noether theorem 
(sec [20,21]) by stating that the brane or particle equa- 
tions of motion can be derived as a consequence of the 
field equations for gravity. This type of statement can be 
found in books (see, e.g. p. 240 in [39], pp. 19, 44-48 and 
Eq. (1.6.13) in [38]) and comes back to the original paper 
by Einstein and Grommer [40]. Namely, one can derive 
the equations of motion of the particle source from the 



®Note that the gauge with all components of x^(t) equal to zero cannot be fixed due to the restrictions on the pure bosonic 
sector of the transformations since the diffeomorphism transformations have to be invcrtible and it is clear that a (world)line 
could not be represented by one point in any nondegenerate coordinate system. In contrast, the nondegeneracy of superdiffeo- 
morphisms implies det{5a'^ + ~~(^k-^) 7^ 0, which docs not restrict the field parameter h^{x,Q) and, hence, e^{x) (see (2.22)) 
in (6.3). This allows us to use the pull-back := e^{x) of £%{x) to fix the gauge (6.4), where all the components of 9°'{t) are 
set to zero. 
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covariant conservation of the particle energy-momentum 
tensor in the r.h.s. of the Einstein field equation. So, the 
statement of [38] is that we do not need varying the action 
with respect to the matter (particle) variables, because 
we can obtain the equations of motion for the matter 
part as a consequence of the Einstein equations. These, 
by their geometric structure, imply the covariant energy- 
momentum conservation which in turn is equivalent to 
the matter equations of motion. 

Clearly, for the case of the brane source the same ar- 
guments result in the derivation of the equations of mo- 
tion for the brane variables from the conservation of an 
energy-momentum tensor with support on worldvolume 
(see [20] for an explicit proof). Then the choice of lo- 
cal coordinate system allows one to fix the gauge (6.7) 
locally. Certainly, for topologically nontrivial and/or 
closed worldvolume this gauge cannot be fixed globally. 
In contrast, one immediately notices that there are no re- 
strictions on a global fixing of the fermionic gauge (6.4) as 
no way of introducing topology on a Grassmann algebra 
is known. 

Thus one can state that both the fermionic and bosonic 
coordinate functions of supcrbrane are pure gauge (can 
be gauged away) when the interacting system of dynam- 
ical {not background) supergravity and a dynamical su- 
perbrane is considered. 

Actually, the above statement is tantamount to saying 
that the coordinate functions of superbranes are Gold- 
stonc fidds'i". In flat superspace these Goldstone fields 
correspond to the translational symmetry and global su- 
persymmetry that are broken by the superbrane world- 
volume [22,23] i.e., by the position of the superbrane in 
superspace. Then, when a brane or particle interact- 
ing with (super) gravity is considered and, moreover, (su- 
per)gravity is described by an action on the same footing 
as the (super)brane, the global translations and global su- 
persymmetry are replaced by supcrdiffeomorphism sym- 
metry, which is the gauge symmetry of the coupled action 
{e.g. of the action (5.1); see also Appendix B2). Thus the 
coordinate functions in such a dynamical system should 
be considered as Goldstone fields for gauge symmetries. 

The Goldstone fields for the gauge symmetries are al- 
ways pure gauge fields (compensators in the supergravity 
language). The 'unitary' gauge where the Goldstone de- 
grees of freedom are set to zero is always assumed in 
the consideration of Higgs phenomenon. For the case of 
spontaneously broken internal gauge symmetry, the only 
trace of the interaction with the Goldstone fields in this 
gauge turns out to be the mass terms in the gauge field 
equations. This is just the content of the standard Higgs 
phenomenon. 

Now, when the Goldstone fields for spacetime (or su- 



perspace) gauge symmetry live on a subspace of space- 
time (superspace), i.e. on the (super)brane worldvolume 
or (super)particle worldline, we may also expect a modifi- 
cation of the equations for the spacetime (or superspace) 
gauge fields. However, such a modification will only be 
produced by terms with support on the worldvolume or 
worldline. Hence these new terms modifying the gauge 
field equations should be just the source terms, like the 
r.h.s. of Eq. (6.16) below (in particular, for x given 
by (6.6)). Summarizing, when the Goldstone fields are 
worldvolume fields, the counterpart of the mass terms 
appearing in the gauge field equations as a result of the 
usual Higgs mechanism, are precisely the source terms 
in the Einstein equation and in some other gauge (su- 
pcr)Rcld equations. 

In complete correspondence with the usual Higgs phe- 
nomenon, the bosonic 'unitary' gauge (6.7) clearly cannot 
remove the source from the Einstein equation. However, 
the super-Higgs effect [25] may be subtler when we have 
fermionic Goldstone fields defined on a surface in super- 
space {i.e. on the superbrane worldvolume). The gauge 
field equations that acquire a source term as a result of 
the super Higgs effect would be the superfield general- 
izations of the Einstein equations and other gauge field 
equations, including that for the gravitino, ^' = (see 
(5.49)). Let us discuss the fermionic superfield source 
term J^. In the 'unitary' gauge 9°'{C) = one can expect 
that Jin (xd (we show below that this is indeed the case 
for D = A, N = 1 supergravity superparticle interacting 
system). Now let us recall that the spacetime fermionic 
gauge field equation (the gravitino equation) is given by 
the leading component of the superfield equation 5* = J^, 
i.e. by ^'|6i=o = ./*|e=o- Thus, if J,^ cx 9, this gives 
J* 10=0 = 0. This means that the spacetime equation for 
fermionic gauge field becomes sourceless, ^'|e=o = 0, in 
the 'unitary' gauge 9°'{C) — (Eq. (6.4) for the super- 
particle) . 

We hope to return to the discussion of the fate of the 
superbrane degrees of freedom and other issues of the (su- 
per) Higgs phenomenon in the presence of superbranes in 
a future publication. Here our goal is more immediate: 
to find the explicit form of the equations of motion of 
the supergravity-superparticle interacting system in the 
fermionic 'unitary' gauge (6.4). 



C. Gauge fixed form of the equations of motion of 
the coupled system 

In the WZ gauge supplemented by the condition (6.4), 
the coupled system action is reduced to the action for 
supergravity interacting with a bosonic particle. After 



More precisely, the bosonic and fermionic Goldstone fields are identified, respectively, with the bosonic coordinate functions 
corresponding to the directions orthogonal to the worldvolume and with a half of fermionic coordinate functions. 
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integration on Grassmann variable 9 in the supergrav- 
ity part of the coupled action (5.1) this coupled action 
should become basically the same as the _D = 4 case 
of the action for supergravity-bosonic particle interact- 
ing system considered in ref. [20]. The only expected 
difference is the presence of the aiixiliary fields, Ga\e=o, 
R\0=o, R\e=o, which are not essential as they appear in 
the component action only through quadratic combina- 
tions, without derivatives [9] and can be removed using 
their algebraic equations of motion. Furthermore, pass- 
ing to the component approach to supergravity, which 
deals with fields on spacetime, one excludes the super- 
space diffeomorphisms 5diff{b^) with 6*" 9"+b°'{x, 0) 
from consideration. Then Eq. (6.5) is treated as the par- 
tial breaking of the local spacetime supersymmetry [20] 
(originating in 5gc and given by Eqs. (B.20), (B.21), 
(B.22) with 6* = and Ga|e=o = = i?|e=o)- 

Having in mind the results of [20], one would expect 
that, in the light of above correspondence, the auxiliary 
fields should have vanishing values in the gauge (6.4) and 
that the spacetime Rarita-Schwinger equations following 
from the superfield action for the interacting system, Eq. 
(5.1), would be sourceless in this gauge. 

The analysis indicates that this is indeed the case. 
Firstly, in the coupled system the scalar main superfields 
(1.10) are equal to zero on the mass shell, R = = R, 
Eqs. (5.21), (5.22). Thus R\g^a = 0,i?l(j=o = 0. In 
contrast, the vector main superfield (1.9) becomes equal 
to the current potential (5.29), Eq. (5.28). Hence 
Ga\e=o = Ja\e=o- However, it is seen that Ja\e=Q = 
in the gauge (6.4). Indeed, Ja is constructed from the 
current prepotentials (5.25), (5.26), (5.27), which involve 
S^iZ-Z) = {9-9{T))^S'^ix-x), Eqs. (5.13), (5.14). In 
the gauge (6.4) 

)C2iZ) = {9rU^l{r)[^KrE"]\g^,SHx - x) , (6.8) 
}C2iZ) = (9)^ J^J(r)[lEarE%^,S\x - x) , (6.9) 

JCaHZ) = (9)' J^r Kr)[j;EarE%^,S\x - x) , (6.10) 

i. e. all current prepotentials become proportional to the 
highest possible power in the superspace Grassmann co- 
ordinates. 



= 



Ga\0=O = Ja\e=Q = 



(6.13) 



= 



ICa^iZ) oc (9)* , 

K./{Z) oc {9Y , 
ICa'iZ) cx {9)\ 



(6.11) 



Thus only the action of four Grassmann covariant deriva- 
tives on 1C^{Z) = [Kg!' , /C" , iC^) can produce an expres- 
sion which has a nonvanishing value for ^ = 0. In partic- 
ular. 



Ja oc {9f 



(6.12) 



and, hence, the auxiliary vector field of the minimal 
D = A, N = 1 supergravity vanishes on the mass shell in 
the gauge (6.4), 



The Rarita-Schwinger equation can be derived setting 
^ = in the superfield equation (5.49). However, in ac- 
cordance with Eq. (6.11), VAJa\e=i3 = 0. Hence the 
spacetime Rarita Schwingcr equation derived from the 
superfield action for interacting supergravity-superbrane 
system becomes sourceless in the gauge (6.4), 

9^0 ^ 

me=o = e''''''nc''adaa\0=o = ^^^d J"|e=o = . (6.14) 

One can verify using Eq. (2.6) that, due to Eqs. (6.13), 
(5.21), T^b"\0=o = 2eJ^eP[^V"](a;). Hence the above 
statement is related to the true component gravitino 
equation. 

The component Einstein equation for the coupled sys- 
tem can be obtained by setting ^ = in Eq. (5.50). 

Clearly, it possesses a source term, but only from the 
spin 2 current prepotential, Eq. (5.27), 



I?, acl _ 1 =./3/3 



0=0 



— 64 "^6 



64" b "c 



[V0,t>0][V^,t>^]{9fi9y 



9=0 



6=0 



xJ^J{t)[^E^,E^]\^^,S\x-x) 



(6.15) 



In the WZ gauge (2.8) (recall that it can be fixed simul- 
taneously with the gauge (6.4)), where Eqs. (2.1)-(2.2) 
as well as (2.7) and Ej^lg^^ = Sj^ are valid, Eq. (6.15) 
reads 

e(a;)ii6e"1e=o = cf^, l{T)[et,re'^]S\x - x) , (6.16) 

where c is a constant and e" = dre^ = dx^{T)e^{x) 
is the pull-back to the worldline of the bosonic form 



6=0- 



Eq. (6.16) coincides with 



the one obtained from the supergravity-bosonic particle 
coupled action provided by the sum of the component 
action for supergravity and the bosonic particle action 
[20], for the case D = 4. 



VII. CONCLUSIONS 

We have provided in this paper a fully dynamical de- 
scription of the D = 4, iV = 1 supergravity and the mass- 
less superparticle coupled system. It is given by the sum 
of the superfield supergravity action [6] and the Brink- 
Schwarz action [7] for the massless superparticle. We 
have derived the complete set of superfield equations of 
motion for such a dynamical system. 

The superfield generalizations of the Rarita Schwinger 
(gravitino) equation and of the Einstein equation both 
acquire source terms. These sources are determined by 
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the Grassmann spinor covariant derivatives of one vector 
superfield Ja, the current 'potential', which is a current 
density distribution with support on the worldUne that 
appears at the right hand side of the vector superfield 
equation (1.9) for the supergravity-superparticle coupled 
system. 

The current potential Ja is covariantly conserved, Eqs. 
(5.34), (5.35), and turns out to be constructed from the 
spin 3/2 and spin 2 distributions (5.27), (5.25), which 
we call 'current prepotentials'. These current prepoten- 
tials obey Eqs. (5.37), (5.38), (5.40), as a result of the 
superparticlc equations of motion. 

In the interacting system with dynamical supergrav- 
ity, the Goldstone nature of the superparticle coordinate 
functions Z^(t) [22-24] allows one to fix the gauge (6.4) 
that sets the Grassmann coordinate function equal to 
zero, Q(t) = (c/. [25]). The analysis of the local (gauge) 
symmetries of the coupled system shows that it is possi- 
ble to fix simultaneously 0(t) = and the Wess-Zumino 
gauge for the supergravity variables. Clearly, with these 
gauge fixing conditions, after integration over the su- 
perspace Grassmann coordinates and the elimination 
of the auxiliary fields Ga|e=o, -R|e=Oj -R|6»=o by means of 
their (algebraic) equations of motion, the supergravity- 
superparticle interacting action (5.1) should reduce to the 
action for supergravity-bosonic particle system investi- 
gated in [20]. To verify this conclusion we have studied 
the component equations of motion derived from the su- 
perfield equations for the supergravity superparticle sys- 
tem and shown that they do coincide with the supergrav- 
ity bosonic particle equations from [20] when both the 
WZ gauge and the gauge (6.4) are used. In particular, 
in the resulting gauge the component Rarita-Schwinger 
equations remain sourceless while the Einstein equations 
acquire a source term from the (super)particle. 

The net outcome of our analysis is that the complete 
superfield action for the supergravity superparticle in- 
teracting system has the supergravity-bosonic particle 
system as its gauge fixed version, as it is also the case for 
the group-manifold based action for the coupled system 
[18]. 

The applications of the present approach to the case 

of D = 4 supergravity-superstring and supergravity- 
supermembrane systems requires a previous knowledge 
of = 4 superspace supergravity with additional two- 
form and three-form in superspace (c/. [41]). This, as 
well as an analysis of the (super-)Higgs effect in the pres- 
ence of superbraiies and the study of the interaction of 
supergravity with more than one superbrane, will be the 
subject of future work. 
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APPENDIX A: CHIRAL PROJECTORS 

The algebra of covariant derivatives Va, Eq. (1.17), is 
encoded in the Ricci identities 

r vvva = Vb , 

VDVa = i?f Vb ^ { T^T^^c. = R£ Vp , (a.1) 

i VVV,, = Vp , 

where Va = (14, Va, V"^) is an arbitrary supervector with 
tangent superspace Lorentz indices. Decomposing (A.1) 
on the basic two-forms A , one finds (see [12,13]) 

pA , Vb}Vc = -Tab'^'DdVc + Rab Vd • (A.2) 

When the constraints (1.12), (1.13), (1.14), (1.16), (1.18), 
(1.19), (1.20) are taken into account, Eqs. (A.1) (or 
(A.2)) imply 

Vfi]V^ = -Re^^^Vp) , (A.3) 
{V^,V0} V = -RV(^Jpf , (A.4) 
{V„,'D^} = 2ial^Va = 2iV^^ , etc. (A.5) 

In their turn, Eqs. (A.3), (A.4) and their complex con- 
jugates determine the form of the chiral projectors, i.e. 
they can be used to prove the identities 

(DD - R) D„^« := {V^Vfs - R) V^^" = , (A.6) 
{VV - R) Va,^" := (V^&^ - R) Va^" = , 

Va{VV-R)U = 0, (A.7) 

VaiVV- R)U = , 

where are arbitrary spinor superfields and U is an 

arbitrary scalar superfield. Note that the chiral projec- 
tors are different when acting on superfields with Lorentz 
group indices, e.g. 

{VV + ^R)VaU = . (A.8) 



APPENDIX B: ON SUPERDIFFEOMORPHISM 
INVARIANCE AND SUPERSPACE GENERAL 
COORDINATE INVARIANCE 

In this Appendix we present a complete account of all 
the manifest superfield gauge symmetries of superfield su- 
pergravity. We discuss separately the active and passive 
forms of general coordinate invariance which we call gen- 
eral coordinate symmetry, Sgc, and superdiffeomorphism 
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symmetry, S^iff, respectively. Although both symme- 
tries are known, usually only one of these two symmetries 
are considered in the literature. The reason is that the 
invariance of the Lagrangian form in a field theory (or 
of the Lagrangian integral form in a superfield theory) 
under Sdi / / implies immediately the invariance under 6gc 
(see Appendix Al for further discussion). However, when 
dealing with a new type of system where some of the (su- 
per)fields live on a submanifold of (super)space (e.g., on 
the superparticle worldline) while others are defined on 
whole superspace, it is important to take into account 
that Sdiff and Sgc act differently. In fact, this differ- 
ence is already seen even for 'free' supergravity where 
we show (Appendix B2) that the Wess-Zumino gauge is 
invariant under Sgc, whereas the Sdiff transformations 
are broken by the Wess-Zumino gauge fixing conditions 
down to spacetime local supersymmetry and spacetime 
diff eomorphisms . 

First, let us note that the set of superspace local 
Lorentz transformations 

SlE^ = E^Lb^{Z) ^ 

( SlE" = E^Lb'^iZ) , L"*- = -L^" := L''^{Z) 
J 5lE^ = Ef^Lp^ , L^" = \L^\<Jadb)p'' , 
\ 5lE^ = E^L^- , X/ = _ iL-f(a,ab)"^ , 

Slw"-^ =VL''^ , (B.l) 

is a manifest symmetry of the constraints. Clearly, they 
do not act on the superspace coordinates S^Z^^ = 0. 

Secondly, the constraints (1.12), (1.13), (1.14), (1.16), 
(1.18), (1.19), (1.20), as relations among differential 
forms, are independent on the choice of a superspace lo- 
cal coordinate system. This evident statement can be 
formulated as an invariance under superdiffeomorphism 
{i.e.. superspace diffeomorphism) transformations Sdiff 
(see [20]), 

Z -Z +b [Z) . <^^,&^^&^^a^^^0^ ^ (B.2) 

E'^{Z') = E'^iZ), w"''>{Z') = w"^{Z) . (B.3) 

The statement of the invariance of differential forms, Eqs. 
(5.7), 

Sdiff = Z'^ -Z'^ = b'^{Z) , (B.4) 
SdiffE^ = E'^iZ')-E^iZ)=0, (B.5) 
Sdiffw''^ = w"'^{Z')-w''''{Z)=0, etc., (B.6) 



just implies that Eq. (B.2) (or (5.9)) describes a change 
of local coordinates, but does not act on the superspace 
'points' Thus Sdiff invariance can be treated as the 
passive form of the general coordinate symmetry in su- 
perspace. 

Thirdly, the set of constraints is invariant under 
general coordinate transformations of superspace Sgc 
[6,13,20] (active form of general coordinate symmetry). 
Sgc is the symmetry under an arbitrary change of super- 
space 'points' (in contrast to a change of local coordinates 
as in the case of Sdiff) 

SgcZ^ = t^{Z^') . (B.7) 

The transformation of differential forms under the change 
of arguments (B.7) is given by the Lie derivative Ct = 
itd + dit, i.e., 

SgcE^iZ) := E^'iZ + t)- E^iZ) = CtE^{Z) = 

= itT^ + V{hE^) + E^'itWB^ , (B.8) 

JgcW"^^) := w"^(^ + t)- w^^iZ) = CtW^^iZ) = 

= itR"^ + ViitW^^iZ)) , etc. , (B.9) 

where 

itE^ = t^E^ =: t^ , (B.IO) 
itW^Z) = t^{Z)w''^{Z) = t'^{Z)wf{Z) , (B.ll) 
itT^ = E'^t^TcB^ , itR"^ = E^t'^R'^jj . (B.12) 

The last terms in Eqs. (B.8), (B.9) can be regarded as 
a Lorentz transformation (B.l) induced by Sgc, Sl{L"'^ = 
itw'^^) and, thus, they can be conventionally ignored in a 
manifestly Lorentz invariant theory. In other words, one 
may consider, equivalently, the superposition of transfor- 
mations Sgcit) + Sl{L°'^ = —itw""^) instead of the origi- 
nal Sgc{t). These transformations were called supcrgaugc 
transformations in [13]. 

The simplest way to see that the constraints are in- 
variant under the superspace general coordinate trans- 
formations Sgc is to recall that Sgc implies moving from 
one superspace 'point' to another one and that, since the 
constraints are satisfied at any superspace 'point', they 
are invariant 

Note also that the transformations of superforms, 
(B.8), (B.9), SgcT^ = VifT^ + itVT^, etc., imply the 
usual transformation rules for the (super)tensors (zero 



"The prime under differential form means, e.g., E"^{Z') = E^{Z{Z')). Thus Eq. (B.5) is the trivial identity E^{Z) = 
E^{Z{Z')) reflecting the freedom of choosing an arbitrary local coordinate system. Nevertheless, the form invariance of an 
action or of an equation under Sdiff requires the model to be formulated using the supervielbein superfield (in the bosonic case, 
when spinor fields are absent, it is enough to introduce a metric field). Thus Sdiff can be used as a gauge principle for gravity 
and supergravity models. 

^^Denote the set of constraints by C^(.Z) = ^E^ A E^C'cB'^iZ) = 0. They are satisfied at any superspace point Z^ . Thus, 
C^{Z + t{Z)) = too and Sg^Ctlz) = Gt{Z -h tiZ)) - CtiZ) = 0. 
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forms). For instance, for TcB^ defined by Eqs. (1.2)- 
(1.4), := i£;C A E^Tbc"^, one obtains 5gcTcB^ = 

The fermionic general coordinate transformations 
(B.7), (B.8), with parameter {Z) = €^Z)Ea^{Z), 
i.e. (see (B.IO)), 

= , i,E^ = e^{Z) , (B.13) 

can be treated as a local supersymmetry [13], while the 
bosonic transformations (B.7) with parameter t^{Z) = 
t''{Z)Ea^{Z) provide the superfield ffcncralization of the 
spacetime general coordinate transformations. However, 
with such treatment, the origin of the local supersymme- 
try of the component formulation of supergravity, i.e. of 
supergravity formulated as a theory of fields on space- 
time, becomes slightly obscure. The following observa- 
tion helps to make the above mentioned relation clearer. 

Since diffcomorphism invariancc ddiff{b^), (Eqs. 
(B.2), (B.3)) is guaranteed, one can consider, instead 
of (B.7), the variational version of the general coordi- 
nate transformations [6] Sg,-. with parameter t^{Z) = 
t^E^ := itE^, defined by (see [21]) 

+ 5l{L''^ = -itw"^) ■ (B.14) 

5gc{t) does not act on the superspace coordinates and 
acts on superforms through the covariant Lie derivative 

~5goZ^ = , (B.15) 
SgcE^{Z)=itT^ + Vt^ , (B.16) 
6gcW''^{Z)= itR"^ , etc. . (B.17) 

The superfield local supersymmetry Sis{e—) can be 
identified with the variational version Sgc{e—) of the 
fermionic general coordinate transformations (B.15), 
(B.16): 

5is{e^) = ~5gc{e = 0,i« = e«(Z),i« = e^(Z)) . (B.18) 

Then the relation with the local supersymmetry of the 
component formulation of supergravity becomes espe- 
cially transparent. 

Indeed, Eqs. (B.16), (B.17) with the torsion and cur- 
vature two-forms from (1.12), (1.13), (1.14), (1.16), and 
t"^ = (0, e—{Z), e"(Z)) provide us with the following local 



superspace supersymmetry transformations 

5,.z-=o ^ {tS:S; (B.19) 

SisE"" = -2iE''al^if'iZ) - 2zS"a^^e^ , (B.20) 

5isE" = Ve^ + iE-iieaaabTG'' + (ea„)"i?] , (B.21) 

disE" = VZ^ - |£;»[(aba„e)«G^ + (a„e)"^] , (B.22) 

5i,w"'f^ = -E^"e^^R- ^E''[{aa)^^^"e^^'D^R + 

+ {eaaab)^"V^^G''] . (B.23) 



The superspace local supersymmetry transformations 5is 
of the main superfields (1.9)-(1.11) are determined by 

SisR = e'^V^R , SisR = e^VaR , (B.24) 
Si.G" = e'^Ve.G" + e^VaG" , (B.25) 

6isW"'^"' = e^VsW'^'* , = e^VgW'^f^"' . (B.26) 

Setting = in the 5is transformations (B.20) - (B.26) 
we arrive at the transformation rules of the off-shell su- 
persymmetry characteristic of the minimal formulation 
of the D = 4, iV = 1 supergravity. To this end one needs 
the expression of the spinor derivatives of the main su- 
perfields in terms of the Riemann curvature (i?c(i°^, Eqs. 
(1.15), (1.26)) and the gravitino field strengths {T^^,T^^, 
Eqs. (1.22), (1.23)) with the use of the consequences 
of the constraints (1.12), (1.13), (1.14), _(1.16), (1.18), 
(1.19), (1.20). For instance, V^R and VaR are expressed 
through the gravitino field strength Tabff with the use of 
Eqs. (1.24). 

The variational version of the superspace general co- 
ordinate transformations 5gc with bosonic parameters 
can be called 'local translations', Sn = Sgc{t"',t°' = 0) 

SuZ-=0 ^ (B.27) 

SitE'' = + lEbe''''^HrXZ)Gd , (B.28) 
5;t£;« = -|^'3t"(a„^b)^"G^ + 

+ i^/3ga/3^a^^^^^ ^ ^j'TT^fc" , (B.29) 

etc. 

In the pure bosonic case it is precisely this symmetry (this 
form of the spacetime general coordinate invariancc) that 
provides the possibility of treating general relativity as a 
gauge theory of the Poincare group [42] (see [21] for fur- 
ther discussion). 



Bl. Gauge symmetries of the 'free' supergravity 
superfield action 

The action (3.1) is evidently invariant under the su- 
perdiffeomorphisms (B.2), (B.3), 

SdiffSsG = . (B.30) 

This invariancc is a simple consequence of the possibility 
of changing variables in any integral (see footnote 11); 
but moreover, in our case the action is form invariant as 
the theory is formulated in terms of the superviclbcin. 

In the pure bosonic case, where the counterpart of the 
above statement means that the action is an integral of 
a differential form (Lagrangian form), S = Jjyjo Ld, the 
general coordinate invariancc follows then from the sim- 
ple observation that the variation of the Lagrangian form 
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under Jgc, as well as under Sgc, is given (see [21]) by a Lie 
derivative: SgcLo = SgcLn = itdL d + d{itL £>) . Then the 
first term vanishes as it contains the exterior derivative of 
D-form on a D dimensional manifold, while the second 
term is a total derivative which does not contribute for a 
spacetime without boundary. This statement is usu- 
ally treated as a manifestation of the equivalence between 
the active and passive forms of general coordinate trans- 
formations. However, although these symmetries imply 
each other in field theories, their role is different as we 
show in Appendix C (C2, C3). 

In the case of supcrspacc the action is written in terms 
of an integral (Berezin) form. Nevertheless, the general 
coordinate invariance of the superdiffeomorphism invari- 
ant action can be also established easily. For instance, to 
prove the invariance of the action (3.1) under the varia- 
tional version 5gc(i^) (B.15), (B.16), (B.17) of the super- 
space general coordinate transformations, including local 
supersymmetry (Eqs. (B.19), (B.20)-(B.26)), one has to 
use the identity 

j d^xd^OE {Va£.^ + ^''Tba^){-1)^ = , (B.31) 

which is valid for any complex superfield = 

(c«(z),:."(z),r(z)). 

A variation of superdeterminant has the form 

5E= E Ea^ SEm^ (-1)^ . (B.32) 

To compute dgcE one ubstites iM{SgcE^) from Eqs. 
(B.16) for SEm^, and finds 

dgcE = E{-l)^VAt^ + E{-1)H''Tba^ . (B.33) 
Then the identity (B.31) implies 

SgcSsG = Jd^ZE{VAt^+t''TBA^){-l)^ = 0. (B.34) 

This completes the proof of general coordinate symmetry. 

Note that, as the constraints of minimal supergravity 
(1.12), (1.13) imply (-I)^Tba^ = 0, the identity (B.31) 
simplifies to 

j d^ZE X'^^^(-l)^ = . (B.35) 

Since 5u = Sg^t^ = (0,e^)), Eq. (B.18), this proves, 
in particular, the invariance under the local supersym- 
metry transformations (B.19)-(B.26) (which imply, e.g., 
5isEl, = -2iE'i,al^e^{Z) + 2i^« a^^e^^). Specifically, 
one finds 

SisSsG = - / d^ZE V^e^ = J d^ZVM{EE^) 

= - J d^ZT^A^{-l)^e^ = Q . (B.36) 



B2. On the gauge symmetries of the 
supergravity— superparticle coupled system 

The invariance of the coupled action under supcrspacc 
diffeomorphisms Sdiff follows from the fact that Eqs. 
(5.10), (5.9), (B.5) imply 

SdiffE'^ = E'%Z + 6diffZ) - E{Z) = . (B.37) 

Thus, 

^diffSsp = (B.38) 

and, since SdiffSso = (Eq. (B.30)) we find 

SdiffS = 0. (B.39) 

On the other hand, as the^ superspace coordinates Z^ 
(not to be confused with Z^{t)) do not enter in the 
superparticle action, the general coordinate transforma- 
tions 6gc (Eqs. (B.7), (B.8)) supplemented by the defini- 
tion 

5gcZ^{T) = , (B.40) 

trivially give SgcSgp = 0, and the invariance of the super- 
gravity action SgcSsc = gives 

5g,S = . (B.41) 

Then the invariance under the variational copy of the 
superspace general coordinate transformations, Sgc, Eqs. 
(B.15), (B.16) supplemented by the definition 

~5gcZ^{T) = -t^{Z) (B.42) 
= -t-{Z)E^{Z) - e-{Z)E^{Z) - e^iZ)E¥{Z) , 

follows from the Sgc and Sdiff invariances 

6gcS = 6gcS,p = . (B.43) 

Note that in the 'superparticle sector' of the configura- 
tion space of the interacting system the action of 6gc, 
Eq. (B.42), coincides with the action of diffeomorphism 
transformations . 

In particular, the transformation of the fermionic coor- 
dinate function 6" (t) under the full set of local symme- 
tries of the interacting system (including ddiff{b) (5.10), 
6gc{t) (B.42) and the worldline K-symmetry) acquires the 
form 

Se^ir) = b"iZ) - t"iZ) + SJ"{t) , (B.44) 
where 6^,0°' {t) is defined by the Eq. (4.15) with M = a. 



The breaking of 6gc invariance, discussed in [20,21], is a spontaneous symmetry breaking. 
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APPENDIX C: MORE ON THE WESS-ZUMINO 
GAUGE 

CI. Decomposition of superfields in the 
Wess— Zumino gauge 

The decomposition of the superfields i^a", Ea—, Wa^^ 
in power series on 9 is completely determined by Eqs. 
(2.14), (2.15), (2.16). To make such an expansion ex- 
plicit one can use the formal operator [28] 



1 



{i+ea) - (i+0ax>^) 



(C.l) 



The action of such an operator is well defined on super- 
fields (as they are polynomials in 9) and produces ex- 
pressions involving covariant Grassmann derivatives 
when (C.l) acts on the torsion and curvature superfields. 
For instance, from Eq. (2.14) one finds 



where we use Eq. (2.13) and the identity 
1 00 = 00 1 



(C.3) 



(which follows from (fc + 9d)9t = 9^{k + 1 + 9d)). 

As one more example, let us present the explicit form 
of the d9 component of the expression (2.17), which en- 
ters (2.15): 

V&9^ = 5i + 9:Lws,^^ = 

= €(4+ i^^r^t/^^e^i?^^"") 

= €(4 + jO'-^ab.^OHj^^R^^'^'') . (C.4) 

The complete decomposition of the dx^^ components of 
the forms iJ", E—, w"'^ is governed by the dx'^ compo- 
nents of the (2.14), (2.15), (2.16), e.g. 



eOEl = EB9^T0b'' = -9^EBTb0^ . 



(C.5) 



Clearly, Eq. (C.5) involves the nilpotent operator 9d = 
6"d^ = O—Va. This nilpotent operator has an evident 
kernel: the leading component of the superfield, e.g. 
-Em|e=o = e5^(x). However, as it was observed in [28], 
this operator can be considered as invertible in the space 
of superfields with the vanishing leading components. 
Thus one can write as well the formal expansion for 
by subtracting the kernel, E^{Z) {E^{Z) - i^°|e=o) 



(thus arriving at a superfield with vanishing leading com- 
ponent) and using the formal relation (C.3) with k = 
(which is meaningful in the space of superfields with van- 
ishing leading components) to arrive at 

E-{Z) = E-\e=o - 6^j^^^^{E^{Z)Tb0-) . (C.6) 



C2. Gauge symmetries preserving the Wess— Zumino 

gauge 

To find the full set of local symmetries that preserve 
the WZ gauge (2.8) ^'^ one may write the infinitesimal 
variations Sdiff {b^), Sgdi"^), Sl{L'''>) of the WZ condi- 
tions (2.8) and require their preservation, 

(r + b^{Z)) {E'^{Z') + SlEHZ) + 5,cEi{Z)) = 
= ((?" + 6" (Z)) . (C.7) 
(0" + 6"(Z)) {w'f{Z') + dgcwfiZ) + 

+ SLwf{Z)) = 0. (C.8) 

Here 6gc is defined by Eqs. (B.15), (B.16), (B.17) and the 
primes reflect the superdiffeomorphism transformations, 
Eqs. (B.15), (5.7) or (B.5), (5.9). Hence 

E'^iZ') = EiiZ) - d^b^ EUZ) , (C.9) 
w'f{Z') = wf{Z) - d&b^ w1^{Z) . (C.IO) 

The terms 5gcE^{Z) and 6gewfiZ) in Eq. (C.7), (C.8) 
are defined by the contraction of Eqs. (B.16), (B.17), 



Sg,E^{Z) = t^T^^+V^t^, 



(C.ll) 
(C.12) 



Finally, the Lorentz transformations have the standard 
form (B.l), (2.21), 



SLEi{Z)=E?{Z)LB^{Z) 
5Lwf{Z) = Vs,L-\Z) , 



(C.13) 
(C.14) 



Lb" 
Lf,^ 



j^ab _ £ba 



= iL'^Vab/j^ . (C.15) 



By algebraic manipulation with the use of the recur- 
rent relations (2.14), (2.15), (2.16), one can present Eqs. 
(C.7), (C.8) in the form 



Note that we do not use here the 'prepotentail' form of the WZ gauge described in footnote 4, and shall not address the 
issues of residual symmetries in such gauge. This requires a separate study as a number of gauge symmetries have to be fixed 
before one arrives at the expression in terms of auxiliary vector superfield and chiral compensator, and, on the other hand, the 
solutions of the constraints are defined modulo additional gauge symmetry transformations. Thus all our statements below are 
for the Wess-Zumino gauge (2.8) fixed through the conditions on the potentials of the superfield supergravity. 
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+ 6^L{-b^WM^^) , (C.16) 

ed{L"'\z) - b^wM"^) = -{b^ - t^jemcjD"'' . (c.i7) 

Setting = 0m Eqs. (C.16), (C.17), one arrives at Eqs. 
(2.19) (2.20). 

At zero-order of the weak field approximation one finds 



the set of equations (c/. (2.23)-(2.25)) 

615(6" - t") = -2i{ei. - e^)^^^e:L , (C.18) 

0d{s^ - e«) = 0^Lp^ , (C.19) 

edL<'''{Z) = , (C.20) 

which are solved by 

fiZ) - b^iZ) = t"_{x) - 2ie-f''e-{x) - 

-ie{jbcr)oi^'{x) , (C.21) 

e^{Z) - e^{Z) = ez(a;) - e^l^^x) , (C.22) 

L''\Z) = l''\x) , (C.23) 



where t° (x), f^{x) are arbitrary vector and spinor func- 
tions and l°-''{x) arc local Lorcntz parameters. 

In the general case the WZ gauge is preserved by the 
part of the original superspace local symmetry corre- 
sponding to the parameters that are not restricted by 
Eqs. (2.19), (2.20). These are the superReld parameter 

t^{Z) = b^{Z)+t^iZ) , (C.24) 

the vector and spinor Geld parameters 

t^{x) = ieix),^{x)) = {t^{Z) - b^{Z))\e=o , (C.25) 

and the antisymmetric tensor field parameter 

r\x) = L''\Z)\0^o . (C.26) 

In particular, both the spacctimc difFcomorphisms 
and general coordinate transformations (with parameters 
6"(Z)|e=o, t°(^)|e=o), as well as Lorentz {l"''{x)) and lo- 
cal supersymmetry {e—{x) = e—{Z)\g-o) transformations 
preserve the WZ gauge. 

C3: On the general coordinate invariance of the 
Wess— Zumino gauge 

The fact that the conditions (2.19), (2.20) on the pa- 
rameters of the symmetry that preserve the WZ gauge do 



not restrict also the superfield parameter (C.24) requires 
some comments. Eq. (B.14) can be rewritten as 

S,,{t'') = S,,{t^) + S,,ff{b^=t^) + 

+ dLiL""^ = itW^) . (C.27) 

Then, Eqs. (2.19), (2.20) become the identity = when 
b^ = t^, L"'' = itw''K This observation shows that the 
superfield symmetry which preserves the WZ gauge is 
just the general coordinate symmetry in its original form 
6gc, Eqs. (B.7), (B.8), (B.9). This can be also verified 
straightforwardly. 

Actually, the general coordinate invariance of the WZ 
gauge (2.8) is natural and should be expected if one has in 
mind that the general coordinate transformations imply 
passing from one 'point' of superspace to another, while 
the WZ gauge (2.8) is valid at any superspace 'point'^^. 

It is instructive to understand how this symmetry is 
realized in the spacetime supergravity action. Let us 
consider first a superfield action with a full superspace 
(Berezin) measure {e.g. the functional (3.1)) which pos- 
sesses superspace general coordinate invariance. Then 
one can integrate over the Grassmann variables and ar- 
rive at a component action written as the integral over 
spacetime of a Lagrangian form expressed in terms of 
spacetime fields. However, as this is still the same ac- 
tion, it should still possess the superspace general co- 
ordinate invariance. But, on the other hand, it is in- 
dependent of the Grassmann variables after the Berezin 
integration. The resolution of this apparent paradox is 
that on the component fields the superspace general co- 
ordinate transformations (B.7) (B.8) are realized non- 
linearly, with only the subgroup of spacetime general co- 
ordinate transformations acting linearly. For instance, 
on the spacetime vielbein form e°'{x) = E°- {Z)\0^o^d0=o 
the superspace general coordinate symmetry with pa- 
rameters t'^{Z) = {t''{x,9).c"{x,0)) acts as e'^ix) 
e"'{x + t{x,9))\0+^(^x,e)=o (cf. the nonlinear realization 
of the superspace supergravity supergroups in [26]; it 
is instructive to note that the above expression simpli- 
fies if the superfield e" is assumed to be independent 
of 9, e"(x, 6*) = eo{x); in this case one finds e"'{x) 
e"-{x + t{x,-eo{x))). 

The role of superdiffeomorphism symmetry is differ- 
ent. It allows us to choose a coordinate system in super- 
space (the WZ gauge) where all the higher terms in the 
decomposition of supervielbein superfields on powers of 
Grassmann coordinates are expressed in terms of leading 



A bosonic counterpart of the above statement is that the defining conditions of the normal coordinate system in general 
relativity, x'^{e'^{x) — S"^) = 0, x'^wjj' = 0, are invariant under the active form of spacetime general coordinate transformations 
x'^ —* x^ + t^{x) , e"(x) := dx^e'^{x) e°(.T + t) = e'^(x) + itde"' + dite". This again can be easily explained by observing 
that the above conditions are valid at any spacetime point and that the active form of the general coordinate transformation 
implies just replacement of one spacetime point by another. 
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components of supertensors (torsion, curvature and their 
covariant derivatives). 

The additional hidden superspace general coordinate 
invariance of the component supergravity action may 
shed some light on the transition from the superfield ac- 
tion to its component form that uses 'Ectoplasm' ideas 
[43,15], as well as on the existence of the rheonomic or 
group manifold approach to supergravity [19]^^ and of a 
related treatment of the D = 10 superfield superstring 
action [45]. 

APPENDIX D: ON WORLDLINE SYMMETRIES 
OF THE BRINK-SCHWARZ SUPERPARTICLE 
ACTION 

The reparametrization symmetry dr, Eqs. (4.21), 
(4.22), is the gauge symmetry of the superparticle ac- 
tion which can be identified with the variational version 
of the worldline general coordinate transformations, 5^gc, 
because the transformations (4.20), (4.21), (4.22) do not 
act on the proper tirne r. Note that, actually, as the 
natural definition of S^gdsir)) {cf. (B.15), (B.16)) is 
provided by 

LgcT:=0, (D.l) 
LgJ^{T)^s{T)drZ^{T) , (D.2) 
SwgJi''') = '^tS — sdrl , (D.3) 

the transformation S^jgc differs from Sr by one more local 
symmetry, (5^(/?,(r)), 

ShZ'^ir) = h(T){E^E^{Z) + E^^E^iZ)) (D.4) 

f ihE'^ = , 
^ ) ihE" = h{T)E? , (D.5) 

[ ihE-^ = h{T)El , 

namely, 

5r{r) = ~5wgc{s ^r) + 5h{h = -r) . (D.6) 

Note that 5h{h{T)) is present in the Brink-Schwarz super- 
particle in any spacetime dimension D where the gamma- 
matrices can be chosen to be symmetric. 
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